Abstract The aim of this study was to evaluate the efficacy in adult rat completely transected spinal cord of adenovirus vector-mediated brain-derived neurotrophic factor (BDNF) ex vivo gene transfer to bone marrow stromal cells (BMSC). BMSC were infected with adenovirus vectors carrying b-galactosidase (AxCALacZ) or BDNF (AxCABDNF) genes. The T8 segment of spinal cord was removed and replaced by graft containing Matrigel alone (MG group) or Matrigel and BMSC infected by AxCALacZ (BMSC-LacZ group) or AxCABDNF (BMSC-BDNF group). Axons in the graft were evaluated by immunohistochemistry and functional recovery was assessed with BBB locomotor scale. In the BMSC-BDNF group, the number of fibers positive for growth associated protein-43, tyrosine hydroxylase, and calcitonin generelated peptide was significantly larger than numbers found for the MG and BMSC-LacZ groups. Rats from BMSC-BDNF and BMSC-LacZ groups showed significant recovery of hind limb function compared with MG rats; however, there was no significant difference between groups in degree of functional recovery. These findings demonstrate that adenovirus vector-mediated ex vivo gene transfer of BDNF enhances the capacity of BMSC to promote axonal regeneration in this completely transected spinal cord model; however, BDNF failed to enhance hind limb functional recovery. Further investigation is needed to establish an optimal combination of cell therapy and neurotrophin gene transfer for cases of spinal cord injury.
Introduction
It has been widely believed that axons in transected adult mammalian spinal cords cannot regenerate. This failure of regeneration is ascribed to the non-permissive environment in the damaged adult mammalian spinal cord, an environment marked by inhibitory molecules in scar tissue and myelin components that block axonal regeneration, a lack of trophic support for axotomized neurons, and post-axotomy intrinsic neuronal changes including cell atrophy and death [1] . Cell transplantation therapy has been attempted to overcome these problems and achieve restoration of damaged spinal cord [2] . Among various types of candidate cells, the bone marrow stromal cell (BMSC) is promising because it has shown potential to repair damaged spinal cord [3] [4] [5] [6] [7] . Moreover, BMSC can be easily obtained from adult bone marrow and transplanted autologously, avoiding the immunological and ethical problems that are associated with transplantation of other types of stem cells such as embryonic stem cells [8] or neural stem cells [9] .
Neurotrophic factors are keys in modulation of neuronal survival, neurite outgrowth, synaptic plasticity and neurotransmission. Exogenous administration of neurotrophic factors has been proposed as one potential therapeutic treatment for spinal cord injury. Among various neurotrophic factors, we and others have reported the effectiveness of brain-derived neurotrophic factor (BDNF) for spinal cord injury in adult rats. Exogenous administration of BDNF as a protein improves locomotor function after spinal cord injury [10, 11] . We have previously demonstrated that adenovirus vector-mediated in vivo gene transfer of BDNF in completely transected adult rat spinal cord is followed by regeneration of the descending tracts and partial functional recovery [12] . Thus, BDNF may have potential to enhance the regeneration that is promoted by cell transplantation therapy. In fact, retrovirus vectormediated ex vivo gene transfer of BDNF to fibroblasts [13, 14] or BMSC [15] promotes axonal regeneration and functional recovery, and adenovirus vector-mediated ex vivo BDNF gene transfer enhances the regeneration promoting capacity of olfactory ensheathing glial cells [16] .
In the current research, we tested the efficacy of adenovirus-mediated ex vivo BDNF gene therapy to BMSC in completely transected adult rat spinal cord as a candidate for combined therapy involving cell transplantation and gene transfer.
Materials and methods
Primary bone marrow stromal cell (BMSC) cultures BMSC were collected from femurs of adult male Wistar rats (SLC, Hamamatsu, Japan). Rats were euthanized with pentobarbital overdose, and femurs were removed and placed in cold minimum essential medium with alpha modification (a-MEM, Sigma, St Louis, MO) supplemented with 20% fetal bovine serum (FBS), 2 mM L-glutamine (Sigma), 100 U/ml penicillin, 100 lg/ml streptomycin, and 25 ng/ml amphotericin B (Invitrogen, Carlsbad, CA). After removal of femoral epiphyses, marrow was flushed out with medium using a 25G needle attached to a syringe. Bone marrow cells were cultured with the same medium in a humidified 5% CO 2 atmosphere at 37°C under sterile conditions. Twenty-four hours after initial plating, non-adherent cells were removed by replacement of the medium. After the cells had grown to near confluency, they underwent two to five passages by detachment (0.25% trypsin/1 mM EDTA for 5 min), splitting into 1:3-4 dilution, and replating. At the sixth passage, the cells were transferred to Dulbecco's modified Eagle's medium (DMEM; Sigma) supplemented with 20% FBS without additional supplementation and were maintained beyond a total of 20 passages [17] .
Preparation of the adenovirus vectors
We prepared first-generation, replication-deficient recombinant adenovirus vectors in which the E1 and E3 regions were deleted, encoding either Escherichia coli b-galactosidase (LacZ; AxCALacZ) or mouse BDNF (AxCABDNF), both under the control of CAG [cytomegalovirus IE enhancer, chicken b-actin promoter, and rabbit b-globin poly (A) signal] promoter using the adenovirus expression vector kit (TaKaRa, Tokyo, Japan) as previously described [12] . We obtained recombinant adenoviruses with a titer of 10 11 order plaque-forming units (pfu)/ml after concentration and purification.
Transferred gene expression in vitro
To confirm transferred gene expession in vitro, BMSC were infected with adenovirus vectors. The vector dose was multiplicity of infection (MOI) 100 with AxCABDNF (BMSC-BDNF cells) and AxCALacZ (BMSC-LacZ cells). Twenty-four hours after inoculation, the infected BMSC were subjected to X-gal cytochemistry or conditioned medium collection for western blot analysis.
For X-gal cytochemistry, BMSC-LacZ cells were washed with PBS, fixed with 4% paraformaldehyde for 10 min, and incubated with X-gal reagents [1 mg/ml 5-bromo-4-chloro-3-indryl-D-galactoside, 5 mM K 4 Fe(CN) 6 , 5 mM K 3 Fe(CN) 6 , and 2 mM MgCl 2 ] for 3 h at 37°C.
For western blot analysis, BMSC with or without adenovirus infection were washed three times with cold PBS and the medium was changed to DMEM supplemented with 0.05% FBS. The conditioned medium was collected after 48 h of incubation and frozen until use. BDNF contained in the conditioned medium was detected with western blot analysis as described elsewhere [12] . Recombinant human BDNF (kindly provided by Sumitomo Pharmaceuticals Inc., Osaka, Japan) was used as a positive control. oxygen. Laminectomy was performed at the T8 level, leaving the dura intact. The T7 and T9 spinous processes were clamped to fix the spine. The spinal cord was completely transected with microsurgical scissors at the T7/8 and T8/9 levels, and the T8 spinal cord segment was removed. For transplantation, a 5-mm-long tube made from ultrafiltration membrane (NMWL: 10,000, Millipore, Bedford, MA) was filled with Matrigel (Becton-Dickinson Biosciences, Bedford, MA; MG rat group) or the mixture of Matrigel and BMSC-LacZ or Matrigel and BMSC-BDNF (BMSC-LacZ rat group and BMSC-BDNF rat group, respectively; density, 1 · 10 8 cells/ml in both groups). The grafts were transplanted into the gap between the rostral and caudal stumps. After transplantation, the T7 and T9 spinous processes were tightened with 1-0 silk suture to prevent kyphosis and to obtain contact between the graft and spinal cord stumps. Muscle and skin were sutured layer to layer, and the rats were placed in warm cages overnight. Food and water were given ad libitum. Manual bladder expression was performed twice a day until recovery of bladder reflex. The BMSC-transplanted animals showed no apparent abnormal behavior. All experimental procedures were performed in compliance with guidelines established by the Animal Care and Use Committee of Chiba University.
Tissue preparation
For histological evaluation, animals in all groups were perfused transcardially with 4% paraformaldehyde in PBS (pH 7.4) under deep pentobarbital anesthesia 6 weeks after transplantation. Three segments of spinal cords including the graft (T7-9) were removed and post-fixed in the same fixative overnight, stored in 20% sucrose in PBS at 4°C, and embedded in OCT compound (Sakura Finetechnical, Tokyo, Japan). The cryoprotected samples were frozen and kept at -80°C until use. The samples were cut into serial 20-lm sagittal sections with a cryostat and mounted onto poly-L-lysine-coated slides (Matsunami, Tokyo, Japan).
Immunohistochemistry
To evaluate regenerating axons within the graft, we performed immunohistochemistry as previously described [18] . The following primary antibodies were used: antigrowth-associated protein-43 rabbit polyclonal antibody (GAP-43; 1:400; Santa-Cruz) as a marker for regenerating nerve fibers, anti-tyrosine hydroxylase monoclonal antibody (TH; 1:400; Chemicon Int.) as a marker for coelurospinal axons, anti-serotonin rabbit polyclonal antibody (5-HT; 1:5,000; Sigma) as a marker for raphe-spinal axons, and anti-calcitonin gene-related peptide rabbit polyclonal antibody (CGRP, 1:1,000; AFFINITI, Exeter, UK) as a marker for sensory afferent axons. Following reaction with primary antibodies, slides were incubated with biotinylated secondary antibodies (HISTOFINE kit, Nichirei, Tokyo, Japan). Then the slides underwent reaction with peroxidase-conjugated streptavidin (Nichirei). The color was developed with diaminobenzidine (DAB) and H 2 O 2 .
Every fourth section was reacted with each of the antibodies described above. At least three series were stained with each of the four antibodies, resulting in immunohistochemical examination of a tissue block 240 lm in width, approximately half the width of the graft. For each antibody, immuno-positive fibers that traversed lines perpendicular to the central axis of the graft at the rostral (500 lm caudal to the rostral graft-cord interface), central (center of the graft), and caudal (500 lm rostral to the caudal graft-cord interface) levels within the graft were counted and compared with values for other rats in the MG, BMSC-LacZ, and BMSC-BDNF groups. Statistical analysis between groups was performed with the Mann-Whitney U test.
Next, we performed immunofluorescent double staining to observe the relationship between regenerating fibers and grafted cells in the rats of the BMSC-BDNF group. Antifibronectin mouse monoclonal antibody (Chemicon Int.) was used as a marker for transplanted BMSCs and anti-GAP-43 rabbit polyclonal antibody (Santa-Cruz) was used as a marker for regenerating fibers. To detect a positive signal, each slide was incubated with Alexa 488-conjugated anti-mouse IgG and Alexa 594-conjugated antirabbit IgG (Molecular Probes, Eugene, OR).
Assessment of locomotor activity
Hind limb function of rats in the MG, BMSC-LacZ, and BMSC-BDNF groups was assessed with the BBB locomotor scale [19] before injury and at 1, 3 days, and 1-6 weeks (once a week) after injury. Statistical analysis of differences between groups was performed with repeated measure analysis of variance (ANOVA). To evaluate whether regenerated nerve fibers contributed to hind limb functional recovery, two rats in the BMSC-BDNF group received re-transection of the graft 6 weeks after transplantation.
Results

Transferred gene expression in vitro
Firstly, we confirmed the infection efficacy of adenovirus vector to BMSC in vitro with X-gal cytochemistry (Fig. 1a) . Approximately 80% of the AxCALacZ-infected BMSC were positive for X-gal staining, indicating the high infection efficacy of adenovirus vector to BMSC in this study.
Next, we examined levels of transferred gene expression of BDNF in vitro with western blot analysis (Fig. 1b) . The conditioned medium from BMSC-BDNF cells contained a high level of BDNF, whereas there was no detectable level of BDNF in medium from plates with either uninfected BMSC or BMSC-LacZ cells.
Immunohistochemistry
We performed immunohistochemistry for GAP-43 to detect regenerating axons within the graft. Because the T8 spinal cord segment was removed and replaced by the graft, all GAP-43-positive nerve fibers within the graft could be considered regenerated axons. Numerous GAP-43-positive regenerating nerve fibers were detected within the grafts of both the BMSC-LacZ (Fig. 2d-f ) and BMSC-BDNF group rats (Fig. 2g-i ), whereas few GAP-43-positive fibers were detected within the grafts of the MG group (Fig. 2a-c) . A large proportion of these axons were oriented longitudinally within the graft (Fig. 2f, i) . The number of GAP-43-positive fibers was significantly larger at the central and caudal levels in rats of the BMSCtransplanted groups (both BMSC-BDNF and BMSC-LacZ groups) than in MG rats (P \ 0.05, Fig. 3) . Moreover, the number of GAP-43-positive fibers in the BMSC-BDNF group was significantly larger than that in both the BMSCLacZ and MG groups at the caudal level (P \ 0.05, Fig. 3 ).
Next we performed immunohistochemistry for nerve fiber markers to elucidate the subpopulation of regenerating axons. TH-positive nerve fibers are considered as coerulospinal adrenergic nerve fibers and 5-HT-positive nerve fibers are considered as raphe-spinal serotonergic fibers, both of which contribute to motor function [20] ; CGRP is a marker for sensory nerve fibers. Numerous TH-positive nerve fibers were detected within the grafts of BMSC-BDNF rats (Fig. 4a) , whereas only a few TH-positive nerve fibers were observed in grafts of MG rats (not shown). The number of TH-positive nerve fibers in the BMSC-BDNF group was significantly larger than numbers in the BMSCLacZ and MG groups at the central level (P \ 0.05, Fig. 5a ). The number of TH-positive nerve fibers in both the BMSC-BDNF and BMSC-LacZ groups was significantly larger than that in the MG group at the caudal level (P \ 0.05, Fig. 5a ). Numerous CGRP-positive fibers were detected in the grafts of BMSC-BDNF and BMSC-LacZ rats (Fig. 4b) , whereas few CGRP-positive fibers were observed in grafts of MG rats (not shown). The number of CGRP-positive nerve fibers in the BMSC-BDNF group was significantly larger than that in both the BMSC-LacZ and MG groups at the caudal level (P \ 0.05, Fig. 5b) ; the number of CGRP-positive nerve fibers in the BMSC-BDNF and BMSC-LacZ groups was significantly larger than that in the MG group at the rostral and caudal levels (P \ 0.05, Fig. 5b) . Only a few 5-HT-positive nerve fibers were observed within the grafts of all three groups, although numerous 5-HT-positive nerve fibers were detected at the rostral stumps of host spinal cords (Fig. 4 c, d ).
Immunofluorescent double staining for fibronectin (one of markers for BMSC) and GAP-43 (a marker for regenerating or sprouting axons) revealed close contact between GAP-43-positive fibers and grafted cells in the BMSC-BDNF group (Fig. 6a-c) . In contrast, there were no fibronectin-positive cells in grafts of MG rats (not shown).
Recovery of hind limb function
We assessed recovery of hind limb function with the BBB locomotor scale (Fig. 7) . Both the BMSC-LacZ and BMSC-BDNF groups showed significant recovery compared with the MG group from 4 weeks after injury onward ( Fig. 7 , P \ 0.03). The average recovery score 6 weeks after transplantation was 6.1 in the BMSC-BDNF group (range 4-8; Fig. 6 , circle) and 6.0 in the BMSC-LacZ group (range 4-8; Fig. 7, square) , which indicates that two joints of the hind limbs had extensive movement and the third joint had slight movement, whereas the average score in the MG group was 3.6 (range 2-5; Fig. 7, triangle) , which indicates that two joints of the hind limbs had extensive movement. There was no significant difference between the BMSC-BDNF and the BMSC-LacZ groups at any time point, indicating that BDNF gene transfer to BMSC had no significant additional effect on the functional recovery promoted by transplantation of BMSC. Two rats in the BMSC-BDNF group that showed functional recovery received re-transection of the graft 6 weeks after transplantation. Re-transection completely abolished the recovered function, and only a slight functional recovery was observed after re-transection (1-2 points in BBB score).
Discussion
In the present study, we demonstrated that transplantation of BMSC promoted axonal regeneration in completely transected adult rat spinal cord and that ex vivo BDNF gene transfer to BMSC enhanced axonal regeneration or sprouting.
Although the potential of BMSC to trans-differentiate into neural phenotypes is controversial [17, 21] , BMSC have been raised as a candidate for cell transplantation therapy with central nervous system diseases because they have a potential to restore damaged neural tissue and they can be transplanted autologously and harvested easily [22] . In fact, some reports indicate the effectiveness of BMSC transplantation for spinal cord injury. Transplantation of BMSC significantly improves hind limb function in the rat spinal cord injury model [3] . BMSC form guiding strands in the injured spinal cord and promote hind limb functional recovery; in addition, transplanted BMSC differentiate toward neural lineage cells in vivo [4] . Finally, BMSC promote regeneration of injured spinal cord [6] . In contrast to previous reports that used contusion-or compressioninduced spinal cord injury models, we used a segmental resection and replacement model to make clear the contribution of axonal regeneration to functional recovery. In the present study, the two BMSC-transplanted groups Fig. 3 Numbers of GAP-43-positive axons within the grafts. GAP-43-positive fibers that traversed lines perpendicular to the central axis of the grafts at rostral (500 lm caudal to the rostral graft-cord interface), central (center of the graft), and caudal (500 lm rostral to the caudal graft-cord interface) levels within each graft were counted and compared among the MG, BMSC-LacZ, and BMSC-BDNF groups. Statistical analysis of differences between groups was performed with the Mann-Whitney U test. At the central level in the graft, the number of GAP-43-positive axons in the BMSC-BDNF group (hatched column) was significantly larger than that of the MG group (closed column, P \ 0.05). At the caudal level in the graft, the number of GAP-43-positive axons in the BMSC-BDNF group was significantly larger than that of the MG and BMSC-LacZ groups (P \ 0.05), and the number of GAP-43-positive axons in the BMSCLacZ group was significantly larger than that in the MG group (P \ 0.05). Each value is a mean ± standard error of the mean (SEM). * Significant difference compared with the MG group (P \ 0.05), ** significant difference compared with the BMSC-LacZ group (P \ 0.05) It is well known that specific neurotrophic factors elicit regrowth of specific axonal populations after spinal cord injury [23] . BDNF promotes regeneration of CGRP-positive sensory fibers, 5-HT-positive serotonergic fibers, THpositive coerulospinal fibers, as well as reticulospinal and rubrospinal tracts in various experimental paradigms [23] . It has been reported that transplantation of BMSC alone [4] or BMSC engineered to express BDNF by retrovirus vector [15] promote regrowth of 5HT-positive serotonergic axons. In the present study, adenovirus vector-mediated BDNF gene transfer to BMSC enhanced axonal regeneration of TH-positive coerulospinal fibers at the central level and CGRP-positive sensory fibers at the caudal level of grafts; however, BDNF did not promote regeneration of 5-HTpositive raphespinal fibers. The difference in regenerating axonal phenotype between the present results and previously reported ones may be caused by differences in experimental conditions (i.e., injury models, duration and amount of transferred gene expression, number of transplanted cells and scaffold).
In contrast to previous reports using retrovirus vectormediated ex vivo gene transfer [13] [14] [15] , we employed adenovirus vector to transfer therapeutic gene ex vivo in the present study, as Ruitenberg has reported [16] . The reasons are as follows. Firstly, adenovirus vector can infect various types of cells with high efficacy. In contrast, retrovirus vector requires selection with antibiotics, a timeconsuming procedure, to obtain high transfection efficacy. Because the clinical therapeutic time window for cell therapy in spinal cord injury is limited to a few weeks after initial trauma [9] , it is necessary to obtain transfectant within a relatively short time. Secondly, transient transfection of neurotrophic factor with adenovirus vector is sufficient to promote axonal regeneration, something we have previously reported [12] . It is not always necessary to transplant cells that have stably integrated the transferred gene to promote axonal regeneration.
In the present study, ex vivo BDNF gene transfer to BMSC failed to enhance hind limb functional recovery although it did significantly enhance axonal regeneration. Possible explanations for this discrepancy could be as followings; the observation period could be too short to detect significant functional recovery caused by axonal regeneration, greater numbers of regenerating axons are necessary to enhance hind limb functional recovery or regenerating axons cannot grow into the caudal spinal cord. We could not directly prove re-entrance of regenerating axons into the distal cord stump. However, retransection of the graft in BMSC-BDNF rats completely abolished recovered hind limb function, suggesting that regenerating axons contributed to functional recovery to some extent.
In conclusion, ex vivo BDNF gene therapy to BMSC is a candidate for combined cell-neurotrophic factor therapy, although further investigation is needed to find an optimal condition. Fig. 7 Hind limb functional assessment with the BBB locomotor scale. Rats from the BMSC-BDNF group (square) and BMSC-LacZ group (circle) showed significant recovery from 4 weeks after injury onward compared with rats from the MG group (triangle). There was no significant difference between the recovery score of the BMSC-BDNF and BMSC-LacZ groups at any time point. Values represent mean ± SEM. * P \ 0.03 compared with the MG group. SEM standard error of the mean
